Introduction
The historical background, concepts, fundamentals, and techniques of microdosimetry have been reviewed in the first six chapters of this report. This section is concerned with a description of some of the conceptUal and practical methodology useful in the interpretation of a microdosimetric spectrum. It is the intent to set forth in this section the fundamental principles underlying the composition of microdosimetric spectra, in such a way that these principles can be applied to a variety of circumstances. The large number of variables involved. in the ~ormation of any given spectrum, e.g., volume SIZe, particle type, and various statistical factors discussed in Section 5, in general, precludes trivial ic;ientifications. But if some of these factors are known , an understanding of fundamentals may allow an estimate of others. Such interpretation is essential for many applications of microdosimetry (see Section 8). Figure  7 .1 is an example which illustrates some of the general features of microdosimetric spectra for photons and neutrons of differing energies. Of special interest is the wide range of lineal energies involved and the changes of shape with energy.
The greater part of this section deals with the composition and interpretation of single-event spectra which result from experiments with proportional counters or from calculation. The principles underlying the production of such a spectrum in terms of contributions from a single type of particle of fixed energy are outlined, and then the contributions of different particles and different energies are considered. Examples of interpretation of some important radiation modalities are then shown and discussed. Finally, the last part of this section deals with formation and interpretation of multiple-event, i.e., dose-dependent spectra.
Single Event Spectra
The graphical presentation of microdosimetric spectra in this section follows a conventional format. All spectra unless otherwise stated are assumed to be normalized to unit area. Linear presentations plot fCy) or dCy) versus yon a linear scale. Logarithmic presentations plot yfCy) or yd (y) versus y on a logarithmic scale. (See Appendix B for details on normalization and calculation involving graphical presentations.)
The overall shape of a microdosimetric spectrum depends on the interplay of a number of stochastic factors. These have been discussed earlier, and will be listed here as a reminder: (1) track-length distribution;
(2) LET distribution; (3) straggling, which includes contributions from distributions in the number of primary collisions and the amount of energy transferred 46 per collision. The above factors are valid for all singleevent spectra, experimental as well as calculated ones. In the case of experimental proportional counter spectra, there must be added the experimental factors as well: (4) Fano-fluctuations, i.e., the number of ions pro,duced ~r.unit ener~ deposition, and (5) multiplication StatlS~ICS. A detailed description of how a spectrum shape 18 produced from a combination of these various factors is best given by considering some of these factors separately.
The influence of the first factor, track-length distribution, is well known from the spectrum of a monoenergetic beam of charged particles. H the continuous slowin~ down approximation is valid and the stopping power 18 constant, the fCy) spectrum of such a beam is triangula: in a spherical site (Rossi and Rosenzweig, 19?5a). Figure 7.2a (Glass and Braby, 1969) illustrates ~hlS ~ase for.a spherical "wall-less" counter uniformly ~rradla~ With 5.3 MeV alpha particles. The spectrum IS apprOXImately triangular, with obvious modifications at both the low-y and high-y ends of the spectrum. The increase in the number of small events is due to small amounts of energy deposited by low-energy delta rays entering from particles passing near the edge of the counter. The large event size tail is caused by straggling. The calculated spectrum (solid line) includes straggling ~d thus fits the experimental points well at large event SIZes. Delta ray contributions, however, are not included in the calculation. Figure 7 .2b shows the same spectrum plotted as ydCy) against y on a logarithmic scale. It is clear that in this figure, in which the area under the curve is proportional to absorbed dose, the distribution is narrow and almost symmetrical. Note that the ordinates are not normalized, and are only intended to show relative shapes. The triangular spectrum discussed above results from the variations in track length when a monoenergetic beam whose particle range is much greater than the diameter of the volume of interest is incident on a sphere, i.e., the class called "crossers" (Section 6.2) predominates, and arises purely from The detector response is best fitted to the normalized chord-length distribution, except for small values of y where delta-rays effects become apparent. /' geometrical considerations. Experimental measurement of a spectrum always introduces additional stochastic factors. These can be most easily seen from a consideration of an "insider" type of particle, i.e., one which both begins and stops within the sensitive volume. All of the particle's energy is lost within the sensitive volume, so the theoretical spectrum would be an infinitesimally thin line at the particle energy. In the actual case, there may be some widening of this line from scattering of electrons out of or into the sensitive volume; in addition, Fano and multiplication statistics become important. Such a spectrum can be approximated by a Gaussian distribution. The width is determined primarily by Fano and multiplication statistics. An example of such a spectrum is a low-energy photon spectrum ( Fig. 7 .3) with d = 8 ,um so that secondary electrons have ranges much less than the simulated diameter.
Most microdosimetric spectra will be affected by several or all of these stochastic factors, with the additional complication of combinations of different particles and differing L"". Crossers and insiders cannot be distinguished by the shape of the peak they might produce in the spectrum yd(y). The mean lineal energy of crossers may be greater or smaller than that of insiders, depending on the linear stopping powers and ranges of these particles as well as on volume dimensions. However, one particularly useful method of particle identification makes use of the "Bragg peak" for charged particles. In the case of crossers, a beam of monoenergetic charged particles produces a triangular spectrum in a sphere ( Fig. 7.2a ). The apex of the triangle (neglecting the straggling tail) represents the maximum 3 Br K .. Fig. 7 .3. The differential dose distributions in event size, y, per unit logarithmic interval, yd(y) VB. yon a logarithmic scale for 11.9 keY photons, with simulated diameter, d, as a parameter (after Kliauga and Dvorak, 1978) . lineal energy possible for that particle, which is given by Ymax ::; 3L",J2.lf such a beam were moderated with increasing thickness of absorbers, the peak would shift to larger Y until the maximum L"" characteristic of that particle was reached. This maximum y can often be used as a means of qualitative identification of particle type. For example, protons have a maximum L"" of ~ 100 ke V / ILm. Figure 7 .4 shows the "proton edge" characteristic of neutron spectra at about 150 keV/ILm.ln the case of particles whose maximum range is small 0.6 relative to the volume size (insiders), the particle can frequently be identified by the maximum energy it can have, e.g., carbon and oxygen recoils from 6 Me V neutrons ( Fig. 6.9 ). For low-LET radiation, secondary electrons can be easily identified by their maximum Y for a given volume size. In Fig. 7 .5, all photons have a maximum y-value of 10-15 keV/ILm corresponding to secondary electron energies of 7-10 keY. An example of identification by constant L ... rather than Bragg peak is given if the energy spectrum of the primary particles, charged or uncharged, is nearly monoenergetic. This is to be seen for OOCo 'Y rays ( Fig. 7.6) , where the spectra all show a peak near y ~ 0.3 ke V / ILm, corresponding to minimum ionization of electrons (Leo ~ 0.2 keY /ILm), or for fast neutrons of 15 MeV (Fig. 7.4) , where the spectrum s40ws a peak y-value near 12 keY /ILm, related to the linear collision stopping power of recoil protons of one third the neutron energy, as is to be expected from theoretical considerations.
keV
The distinction between primary charged particles and their secondaries can be a useful aid in the interpretation of microdosimetric spectra. For example, the departure of Figure 7 .2a from a true triangular spectrum can be readily understood in terms of contributions from secondaries (delta rays) at the low-y end and straggling of primaries at the high-y end. The relative contributions of secondaries to a charged-particle spectrum become more important as the energy increases.
11"-Mesons
A beam of energetic 11"-mesons loses energy via Coulomb interactions as do any other charged particles. A microdosimetric spectrum of energetic 11"-mesons, therefore, looks much like a spectrum of protons having the same LET, except for a few larger pulses from 11"mesons which are captured in flight. The "primary" contribution is ionization produced by the mesons; the "secondary" contributions is ionization produced by energetic delta rays. A stopping 11"-meson beam, however, produces little contribution from delta rays, but has a large component due to the secondaries produced by nuclear spallation (see Figure 3 .5). This is a practical example for a mixed radiation field which is dealt with in Section 7.2.5.
Neutrons
Most of the energy transfer by fast neutrons to biological tissue and tissue-equivalent materials is via recoil protons (Section 6.2.2). Heavy-ion recoils can, however, be significant both for their biological effects and in the lineal energy spectra. Thus, in Figure 7 .4 (Rodgers and Gross, 1974) the growth of a large-event size peak is apparent in the region of y > 150 keY /p.m for neutron energies> 1 MeV. At 15 MeV, the heavy ion peak exceeds the soft recoil-proton peak between 100 and 150 ke V / p.m and also the dominant contribution to YD is by the heavy recoils. Because tissue-equivalent plastic tends to have a carbon-to-oxygen ratio larger than tissue, the event-size distribution can be somewhat distorted in a TE counter (see Figure 6 .7). Frequently, fast neutrons are accompanied by x and gamma rays. Such mixed radiation fields are described in Section 7.2.5.
Photons
The primary interactions of photons were presented in Section 3.2, and a knowledge of them is necessary for the interpretation of the spectra presented here.
Some examples are shown in Figures 7.3, 7 .5 and 7.6 (Kliauga and Dvorak, 1978). Figure 7 .3 is a spectrum of 11.9 ke V photons. At this energy, the predominant mode of interaction is the photoelectric effect. If the sensitive volume of the counter is large enough, so that the range of the nearly monoenergetic photoelectrons is negligible compared to the diameter, the yd(y) spectrum would be a narrow peak whose width is determined by avalanche statistics and Fano fluctuations. Tbis condition is approached at the largest site diameter in Figure 7 .3. For site diameters small compared with 7.2 Single Event Spectl8 • • • 49 the electron range, the distribution in event size is determined by path-length variations in the counter, straggling, and spread in L", (photo-and Auger electrons from different atoms and different shells), as well as the statistical factors already mentioned. Thus, even for a situation in which virtually all secondaries are photoelectrons of the same energy, the resultant microdosimetric distribution can have a shape quite sensitive to the primary photon energy and the simulated site size. For 60Co gamma rays (Figure 7.6) , nearly all secondary electrons are Compton electrons whose mean energy is 580 keY. The spectrum is about one decade broader than the previous spectra, reflecting the much wider distribution of electron energies and the effects of energy straggling. However, there is relatively little shift in the peak position for different site diameters, with each y-peak at approximately 0.30 ke V /p.m, corresponding to the L", of the primary electrons.
The effect of photon energy on the spectrum shape for a fixed site diameter is displayed in Figure 7 .5, where the site diameter is 1 p.m. One can observe that as the photon energy is varied, the systematic change in shape of the curves is disrupted in the energy region of 60 to 140 ke V. This is directly attributable to a transition from the photoelectric effect to Compton scattering as the predominant mode of interaction with the medium.
Ions
Microdosimetry of heavy ions as primary beam particles, while in principle straightforward, is complicated by the highly energetic delta-ray distributions and the presence of nuclear spallation products (see Section 3.5). Not much data are, at present, available on the microdosimetry of energetic ions. Most of the measurements which do exist have used walled counters and are distorted by the wall effect.
For a highly energetic charged-particle beam, the LET concept is not justified (see Section 4.5). Much of the energy of a particle passing through a volume of 0.5-8 p.m simulated diameter will be carried out of the site by energetic delta rays, thus decreasing the mean energy deposition below that predicted from consideration of L",. In addition, many secondaries from particles passing outside the counter will inject small amounts of energy, increasing the frequency of small events, and tending to lower the frequency mean, YF, sometimes drastically. In view of these effects, it is essential to use a wall-less type of counter for high-energy charged particles.
An example of microdosimetric spectra of 3.9 GeVnitrogen ions taken with walled and wall-less counters is shown in Figure 7.7 (Rodgers et ai., 1973) . These spectra were taken in the plateau region of the Bragg curve, i.e., with minimum absorber thickness. They show the triangular path-length distribution, the ions at plateau, for waIled and waIl-leas counters (Rodgers et al.,. 1973 ). In order to make the waIl-leas spectrum more evident, a linear' scale has been employed.
presence of high-LET particles, presumably from spallation, and a contribution from delta rays at low lineal energies. Although the wall-less counter was not truly wall-less with respect to the delta rays of maximum energy, the two spectra shown in Figure 7 .7 indicate the significant difference to be expected between walled and wall-less counter measurements for heavy ions.
Combinations of Various Types of Particles
An fly) distribution by itself can only give the relative probabilities of lineal energies occurring within tbe specified volume size and geometry when exposed to a certain radiation field. There is, in general, no unique way in which a given fly) distribution can be unfolded to yield information concerning the identity of an unknown radiation field. Nevertheless, many radiation modalities exhibit certain identifying characteristics and it is not difficult to distinguish, for example, a neutron spectrum from an x-ray spectrum. Thus, it is frequently possible to derive the relative contributions
Fic. 7.8. Distribution yd(y) measured at a lateral distance of 65 em from the axis of a collimated neutron beam of 10 X 10 em field size (solid curVe). The gamma-ray component (dashed curve) and the neutron component (dotted curve) are identified. The gamma-ray component was measured independently (after Fidorra and Booz, 1978) . of different radiation modalities to fly) or dly), especially if the types of primary particles in the total radiation field are known. The same considerations which allow a resolution of a given spectrum into contributions from the primary beam and from different types of secondaries such as delta rays and spallation products, can sometimes allow a quantitative resolution of contributions to the absorbed. dose when a mixed radiation field of known composition is analyzed.
As one example, in most practical situations neutron radiation is usually accompanied by gamma rays. If a known or assumed gamma component is fitted to a measured spectrum of mixed neutrons and gamma rays, the fractional contribution of gamma rays to the absorbed dose can be deduced. An example of a relatively easy separation between gamma rays and recoil particles is shown in Figure 7 .8. More complex separations of d (y) from mixed neutron-gamma fields into the contributions of gamma rays, fast recoil protons, slow recoil protons and heavier recoil ions were reported by Booz et al. (1981) .
Another example of a mixed radiation field is given by Dicello et aZ. (1972) . Figure 7 .10 are dominated by a broad peak centered at ~ 0.3 ke VI #Lm which corresponds to the primary beam stopping power. The broad shoulder extending to 10 keV/#Lm results from proton recoils and secondary electrons. The large event-size peak which appears more prominently at the greater depths into the phantom is due to the nuclear interaction products from pion stars.
As a final example, high-energy ions may be considered. For most therapy and biology work, ridge filters are used to spread the Bragg peak throughout the treatment volume and produce a modified depth-dose curve, either flat or with negative slope. An example of microdosimetric measurements with an energetic (160 MeV) proton beam using a modified flat-top Bragg curve is given by Figure 7.11 (Kliauga et a1., 1978b) . The authors show that contributions to the absorbed dose of events with y ~ 100 keV/#Lm is ~ 2% at the center of a modulated flat-top Bragg peak and can be much greater near its back edge. These at the back edge can be positively identified as spallation products, and while the dose is small, they may produce significant biological effects. 
REAR EDGE OF EXTEfiI

Multiple Event Spectra
The spectrum f(z,D) is the differential distribution of z at an absorbed dose, D. Its experimental measurement and its theoretical calculation are treated in Sections 5 and 6. Its mean value is the absorbed dose, D, and at sufficiently large doses, all radiation qualities have a bell-shaped distribution function centered at the dose D. The dose at which this limit occurs varies widely, of course, for different radiations. This point is well illustrated in Figure 7 . 12 (after Rossi et at., 1961) which shows z{(z,D) as a function of dose for SOCo /' rays and 14 MeV neutrons. The single-event spectra It (z) are experimentally measured spectra in both cases. The dose-dependent spectra are derived by convolutions of ft(z) (see Section 6.4), and are normalized to one including ~he delta function at z = O"not shown in the graph. The distributions for SOCo reach the limiting case of a narrow Gaussian shape at a much lower dose than do the neutron distributions.
